Dishevelled (Dvl) is a key intracellular signaling molecule that mediates the activation of divergent Wnt pathways. It contains three highly conserved domains known as DIX, PDZ, and DEP, the functions of which have been well characterized in ␤-catenin-dependent canonical and ␤-catenin-independent noncanonical Wnt signaling. The C-terminal region is also highly conserved from invertebrates to vertebrates. However, its function in regulating the activation of different Wnt signals remains unclear. We reported previously that Dvl conformational change triggered by the highly conserved PDZ-binding C terminus is important for the pathway specificity. Here we provide further evidence demonstrating that binding of the C terminus to the PDZ domain results in Dvl autoinhibition in the Wnt signaling pathways. Therefore, the forced binding of the C terminus to the PDZ domain reduces the activity of Dvl in noncanonical Wnt signaling, whereas obstruction of this interaction releases Dvl autoinhibition, impairs its functional interaction with LRP6 in canonical Wnt signaling, and increases its specificity in noncanonical Wnt signaling, which is closely correlated with an enhanced Dvl membrane localization. Our findings highlight the importance of the C terminus in keeping Dvl in an appropriate autoinhibited state, accessible for regulation by other partners to switch pathway specificity. Particularly, the C-terminally tagged Dvl fusion proteins that have been widely used to study the function and cellular localization of Dvl may not truly represent the wild-type Dvl because those proteins cannot be autoinhibited.
The Wnt signaling pathways play a critical role in a wide variety of biological process, including embryonic axis formation, cell proliferation, migration, polarity establishment, and stem cell self-renewal (1) (2) (3) (4) (5) (6) . Aberrant Wnt signaling leads to tumorigenesis and metastasis of multiple cancer types, in particular, mutations of several key components of the ␤-catenindependent canonical Wnt (Wnt/␤-catenin) pathway including adenomatous polyposis coli, ␤-catenin, and axin have been implicated in colorectal cancer, melanoma, and hepatocellular carcinomas (1, (7) (8) (9) . The interaction between Wnt ligands and different Frizzled receptors can activate divergent Wnt signaling pathways (10) . Dishevelled ((Dvl) 3 or Dsh) protein is a common intracellular mediator that relays different Wnt signals downstream of Frizzled receptors to activate distinct signaling pathways (11) . It is composed of three highly conserved domains known as DIX, PDZ, and DEP, which interact with different partners, leading to distinct signaling outcomes (11) (12) (13) (14) . Both the DIX and PDZ domains are essential for the Wnt/ ␤-catenin pathway (15, 16) , whereas the DEP domain is sufficient to activate JNK signaling and has been thought to be involved only in the ␤-catenin-independent noncanonical Wnt or planar cell polarity (Wnt/PCP) signaling pathway (12, (17) (18) (19) (20) . Nevertheless, two recent studies suggest that the DEP domain undergoes conformational switch following its interaction with Frizzled receptors and that this is required for Wnt/ ␤-catenin signaling (21, 22) . This indicates that Dvl function in the Wnt signaling pathways may be regulated in a more complex manner and that the signaling specificity of Dvl may be conditioned by an appropriate conformation. However, although the DEP domain conformational switch may play a role in signaling to ␤-catenin (21, 22) , whether this influences Wnt/PCP signaling remains to be determined. Thus, how Dvl interprets different Wnt signals and triggers distinct cellular responses downstream of Frizzled receptors is still poorly understood (23) .
The region C-terminal to the DEP domain of Dvl, in particular the extreme C terminus, is also highly conserved from invertebrates to vertebrates, although it may be relatively divergent in Drosophila (24, 25) . In addition, despite the presence of distinct features within this region of the three mammalian Dvl proteins (Dvl1, Dvl2, and Dvl3), such as the conserved Dvl3 C-terminal histidine single amino acid repeats that mediate the Wnt5a-stimulated NF-AT-dependent transcriptional response, the last 40 amino acid residues show remarkable conservation among the three isoforms (24, 26) . Thus the C-terminal region displays unique primary sequence with many characteristic features potentially implicated in protein interaction and the formation of supermolecular complexes (24) . However, its implication in both the Wnt/␤-catenin and Wnt/PCP pathways is poorly understood. There is evidence showing that this region binds the third intracellular loop of Frizzled receptors and stabilizes Frizzled-Dvl interaction required for Wnt/␤-catenin signaling (27) , but how this interaction affects Wnt/PCP signaling remains unclear.
We demonstrated recently that the C terminus of Dvl represents a PDZ-interacting motif that binds to its own PDZ domain and plays a key role in regulating the Wnt signaling pathways (25) . In the present study, we provide novel evidence demonstrating that this region regulates the autoinhibition of Dvl in its subcellular localization and signaling activity. We show that the forced binding of the C terminus to the PDZ domain reduces the activity of Dvl in Wnt/PCP signaling, whereas interfering with this interaction enhances Dvl membrane localization and Wnt/PCP signaling. Moreover, our results highlight that C-terminally tagged Dvl proteins have an altered state of autoinhibition and are not regulated in a manner similar to the wild-type protein. In this regard, it is worth noting that C-terminally GFP-tagged Dvl proteins has been widely used to study Wnt signaling in invertebrates (17, 28 -30) and vertebrates (31) (32) (33) (34) (35) (36) (37) , as well as in cultured cell lines (21, 22, 28, 38) . These works have contributed strikingly to our understanding of the mechanism of Wnt signaling. Nonetheless, the C-terminally tagged Dvl may behave differently than untagged or N-terminally tagged Dvl in terms of signaling activity and should not be used indiscriminately for the analysis of Dvl function in Wnt signaling in certain circumstances. Indeed, our present study indicates that C-terminally tagged Dvl cooperates less efficiently with the Wnt coreceptor LRP6 in Wnt/␤-catenin signaling.
Results

Dvl C terminus differentially regulates the Wnt signaling pathways
Sequence alignment indicates that the C-terminal region of the three Dvl proteins is remarkably conserved among different vertebrate species (Fig. 1A) . We found previously that deletion of the last eight residues of Xdsh (Dvl2) renders it more active in Wnt/PCP signaling (25) , but whether this affects Wnt/␤catenin signaling is not clear. To further understand how the C-terminal region regulates Dvl activity in the Wnt/␤-catenin and Wnt/PCP pathways, we generated a panel of deletion mutants in Xenopus Dvl2 ( Fig. 1B ) and examined their activity in these two Wnt pathways. Transient overexpression of wildtype Xdsh in HEK293 cells induced a robust activation of the TCF/␤-catenin-dependent TOPFlash luciferase reporter, whereas transfection of the empty pCS2 vector had no effect. Transfection of a series of Xdsh C-terminal deletion mutants, including Xdsh-C⌬8, Xdsh-C⌬27, Xdsh-C⌬139, Xdsh-C⌬218, and Xdsh-C⌬232, also activated the TOPFlash reporter, but they exhibited a significantly reduced activity in this assay; however the protein level, as verified by Western blotting, was similar to that of wild-type Xdsh (supplemental Fig. S1 ). By contrast, transfection of other deletion mutants affecting essentially the PDZ domain (Xdsh(407-502), Xdsh(401-736), Xdsh(382-567), Xdsh(522-736), and Xdd1) failed to activate the TOPFlash reporter (supplemental Fig. S1 ), consistent with the requirement for the PDZ domain in Wnt/␤-catenin signaling (15) . These results indicate that the C terminus facilitates the activation of the Wnt/␤-catenin pathway by Dvl proteins.
To further address the regulatory role of the Dvl C terminus in the Wnt signaling pathways, we first performed a dose-response analysis to compare the activity of Xdsh and Xdsh-C⌬8 in Wnt/␤-catenin signaling. Analysis of TOPFlash luciferase reporter activity following transfection of the two constructs in HEK293 cells indicated that, at a similar protein expression level, Xdsh-C⌬8 was less efficient than Xdsh in activating the reporter gene ( Fig. 2A ). This suggests that, to some extent, the absence of the extreme C terminus decreases Dvl activity in A, conservation of the Dvl C-terminal region in different vertebrate species. Alignment of the last 33 residues in the extreme C-terminal region of the three Dvl isoforms from different vertebrate species is indicated on the left. B, schematic representation of wild-type and different Xdsh deletion mutants. The three highly conserved domains, DIX, PDZ, and DEP, as well as the C-terminal region are indicated at the top. All constructs are Myctagged at the N-terminal region, except for Xdsh522-736, which is FLAGtagged at the N-terminal region.
Wnt/␤-catenin signaling. In addition, the dose-response analysis also indicated that Xdsh-C⌬8 displayed an obvious difference in activating the TOPFlash reporter when it was transfected at low amounts (between 50 and 100 ng) but not at high amounts (between 100 and 400 ng). This implies that the extreme C terminus may be important in modulating the activity of Dvl when it is present at a low concentration in the cell. We then compared the activity of Xdsh and Xdsh-C⌬8 in Wnt/ PCP signaling. Synthetic mRNA (300 pg) was injected into zebrafish embryos at the 1-cell stage, and PCP-defective phenotypes were scored at 24 hpf (hours post-fertilization). From four independent experiments with a protein expression level similar to that verified by Western blotting using 15 randomly selected 24 hpf embryos ( Fig. 2B ), we found that overexpression of Xdsh-C⌬8 was more potent than Xdsh in producing PCP defects, characterized by the occurrence of a higher proportion of embryos with moderately and severely shortened anteroposterior axis (Fig. 2, C and D) , which is a reliable and well characterized phenotypic readout of perturbed Wnt/PCP signaling. These results suggest that the C terminus of Dvl plays a distinct role in the Wnt/␤-catenin and Wnt/PCP signaling pathways.
We then performed whole-mount in situ hybridization using ntl and dlx3 genes, which label the notochord and the neural plate borders, respectively, as markers to more precisely and quantitatively compare the convergence and extension (CE) defects produced by the overexpression of Xdsh and Xdsh-C⌬8. We also included Xdd1 in this analysis, which was shown to produce specific CE defects when overexpressed in the embryos (15) due to an increased activation of Wnt/PCP signaling (25) . At the 100% epiboly stage (10 hpf), a higher proportion of embryos overexpressing Xdsh-C⌬8 or Xdd1 exhibited a broader neural plate as judged by the dlx3 expression pattern in the neural plate borders ( Fig. 3 , A-C and G), indicating that convergence of the neural plate is impaired. The axial mesoderm of these embryos was also shortened and wider, as revealed by the ntl expression pattern ( Fig. 3 , D-F and H), indicating axis extension defects. All of these phenotypes are characteristic of PCP defects caused by either up-regulation or inhibition of Wnt/PCP signaling (39) . Because the C terminus of Dvl can bind to the internal PDZ domain, forming a closed conformation (25) , the present result suggests that disruption of this conformation by deleting either the C terminus or the PDZ domain increases Dvl activity in Wnt/PCP signaling and, as a result, enhances PCP phenotype.
Dvl autoinhibition negatively regulates Wnt signaling pathways
Our structural analysis of mouse Dvl1 indicated that the peptide-binding pocket of the PDZ domain could be occupied by its own C terminus (25) and predicted that substitution of the serine residue at position 265 in the PDZ domain and of the isoleucine residue at position 694 (Ϫ1) of the C terminus by a cysteine residue could result in a disulfide bond in the PDZpeptide interaction ( Fig. 4 ). We thus generated a polypeptide, PDZ(S265C)-(GGS) 3 value of PDZi, indicating the formation of dimer and oligomer (supplemental Fig. 2B ). The thermal stability of Dvl1 PDZ and PDZi was further investigated as a function of temperature. The result indicated that PDZi was very stable until 90°C, whereas Dvl1 PDZ was denatured around 57°C (supplemental Fig. S2C ). This further indicates that Dvl conformational change can be triggered by the interaction between the extreme C terminus and the PDZ domain.
Based on the above observation, we substituted the serine residue at position 268 in the PDZ domain and the valine residue at position 735 (Ϫ1) of the C terminus of Xdsh with a cysteine residue, generating Xdsh268/735C. According to the results obtained with PDZi, we assumed that Xdsh268/735C would form an intramolecular disulfide bond and adopt a closed conformation. As controls, we made a single amino acid change alone, either at position 268 (Xdsh268C) or at position 735 (Xdsh735C). Conversely, we fused the Dvl C terminus with RFP to generate Xdsh-RFP, which should interfere with its binding to PDZ domain, leading to an open conformation ( Fig. 5A) . A TOPFlash reporter assay following transfection in HEK293 cells showed that, at a protein expression level similar to that in Xdsh, Xdsh268/735C was less efficient in activating the reporter gene, and Xdsh-RFP showed a more strongly reduced activity in this assay (Fig. 5B ). In particular, increasing the amounts of transfected Xdsh-RFP had no obvious effect on the luciferase activity, suggesting that modification of the extreme C terminus strongly affects Dvl activity in Wnt/␤catenin signaling. However, Xdsh268C or Xdsh735C activated the TOPFlash reporter similar to Xdsh ( Fig. 5C ), suggesting that the decreased activity of Xdsh268/735C in Wnt/␤-catenin signaling may be a result of intramolecular disulfide bond interaction.
We next examined the activity of Xdsh268/735C and Xdsh-RFP in Wnt/PCP signaling. Analysis by Western blotting of JNK activation following overexpression of these proteins either in HEK293 cells ( Fig. 5D ) or in zebrafish embryos (supplemental Fig. S3 ) indicated that Xdsh268/735C was less active, whereas Xdsh-RFP was more potent than Xdsh in increasing the p-JNK level. We then overexpressed these proteins in zebrafish embryos by injecting the corresponding mRNA (300 pg) and performed in situ hybridization using ntl as a marker to determine the notochord shape, which reflects more precisely the PCP phenotype (see Fig. 3 , D-F). The results from four independent experiments showed that Xdsh268/735C was less effective, whereas Xdsh-RFP was more potent than Xdsh in producing the PCP phenotype, resulting in a higher proportion of embryos with a moderately or severely disrupted ntl expression pattern (Fig. 5E ). These observations suggest that the extent of Dvl autoinhibition mediated by binding of its C terminus to the PDZ domain plays an important regulatory role in the activity of Dvl in different Wnt pathways. More importantly, they indicate that C-terminally tagged Dvl proteins exhibit altered activity with respect to the wild-type Dvl in different Wnt pathways. To further address this issue, we overexpressed the widely used Xdsh-GFP in Xenopus embryos to compare its activity with the wild-type Xdsh in inducing PCP defects both in whole embryos and in activin-treated ectoderm explants. It revealed that injection of Xdsh-GFP mRNA (500 pg) in the equatorial region of the two dorsal blastomeres at the 4-cell stage produced a high proportion of embryos with a severely bent and shortened anteroposterior axis, characteristic of the CE-defective phenotype (supplemental Fig. S4 , A-C).
Overexpression of Xdsh-GFP in the ectoderm also strongly impaired activin-induced explant elongation, which mimics CE movements (supplemental Fig. S4 , D-F). Thus, we conclude that C-terminally tagged Dvl behaves differently than untagged or N-terminally tagged Dvl in terms of signaling activity.
We further compared the activity of Xdsh, Xdsh268/735C, and Xdsh-RFP in Wnt/␤-catenin signaling using the Xenopus system, which also provides suitable assays for endogenous Wnt/␤-catenin target gene expression and for the extent of axis duplication. Different synthetic mRNAs (500 pg) were injected into the animal pole region at the 2-cell stage, and ectoderm explants were dissected at early gastrula stage for semiquantitative RT-PCR analysis of the expression of siamois and Xnr3, two early Xenopus Wnt/␤-catenin target genes. Consistent with the TOPFlash assay in HEK293 cells, the results showed that Xdsh268/735C, and in particular Xdsh-RFP, were less able to induce siamois and Xnr3 expression in ectoderm explants ( Fig. 6A ). Accordingly, they were less efficient than Xdsh in stabilizing the endogenous ␤-catenin level (Fig. 6, B and C) . In addition, as it has been shown that the activity of the Wnt core-ceptors, LRP5 and LRP6, in Wnt/␤-catenin signaling is dependent on Wnt-induced phosphorylation (40 -44) and requires Dvl function (44), we tested how Xdsh268/735C and Xdsh-RFP cooperate with LRP6 using a siamois promoter reporter assay as described previously (25) . The reporter (100 pg) was coinjected with synthetic mRNA (200 pg) corresponding to Xdsh, Xdsh268/735C, or Xdsh-RFP in the absence or presence of LRP6 mRNA (200 pg) in the animal pole region at the 2-cell stage, and a luciferase assay was performed using ectoderm explants dissected at the early gastrula stage. We found that Xdsh significantly synergized with LRP6 to activate the reporter; however, both Xdsh268/735C and Xdsh-RFP were obviously less effective at cooperating with LRP6 ( Fig. 6D ). The same tendency was observed in an axis duplication assay, an in vivo readout of Wnt/␤-catenin pathway activation. From five independent experiments, a single injection of LRP6 mRNA (200 pg) into the vegetal region of one ventral blastomere at the 4-cell stage led to less than 10% of the embryos having a partial secondary axis, whereas a single injection of Xdsh mRNA (300 pg) induced the formation of a complete or partial secondary axis in 55% of the embryos. However, the coinjection of Xdsh mRNA with LRP6 mRNA resulted in 73% of the embryos displaying a secondary axis. By contrast, coinjection of the same amounts of Xdsh268/735C or Xdsh-RFP mRNA with LRP6 mRNA did not seem to have a synergistic effect (Fig. 6E ), further indicating that Xdsh268/735C and Xdsh-RFP are less active in Wnt/␤-catenin signaling. This observation also implies that Dvl autoinhibition may regulate its functional interaction with the Wnt coreceptor LRP6 in Wnt/␤-catenin signaling in vivo.
The extreme C terminus influences Dvl activity in Wnt/PCP signaling
We used PDZ-binding small molecules previously to compete with the C terminus of Dvl for binding to the PDZ domain and found that the small molecules enhance Dvl activity in Wnt/PCP signaling (25) . In this study, we examined whether the C-terminal region of Dvl itself could induce an open conformation of Dvl and thus enhance PCP phenotype in zebrafish embryos. We expressed increasing amounts of Xdsh alone or along with a given amount of Xdsh(522-736), which retains only the last 215 residues. From three independent experiments, by scoring a large number of embryos, we found that Xdsh(522-736) was able to synergize with low doses of Xdsh to trigger PCP defects. A single injection of 50 pg of Xdsh mRNA produced PCP defects in about 20% of the embryos, with moderately and severely shortened anteroposterior axis, whereas a single injection of 200 pg of Xdsh(522-736) mRNA produced PCP defects in about 10% of the embryos, indicating that overexpression of Xdsh(522-736) may interfere with endogenous Dvl function. However, more than 40% of the embryos displayed various degrees of PCP-defective phenotypes when the two mRNAs were coinjected (supplemental Fig. S5 ). A similar synergy was obtained by injecting 100 pg of Xdsh mRNA with Bars represent the mean values Ϯ S.D. from three independent experiments (*, p Ͻ 0.05; **, p Ͻ 0.01; n.s., not significant). E, axis duplication assay showing the absence of functional interaction between LRP6 and Xdsh268/735C or Xdsh-RFP. The embryos were grouped into three categories: single axis, complete secondary axis with head and eyes, and partial secondary axis with absence of head. Numbers at the top of each stacked column indicate total embryos scored from three independent experiments using different batches of embryos. APRIL Fig. S5 ). This result suggests that Xdsh(522-736) may prevent Xdsh from forming a closed conformation and, as a consequence, may enhance the activity of Xdsh in Wnt/PCP signaling. It also implies that Dvl would be more sensitive to the regulation by PDZ-binding ligands including its own extreme C terminus when it is present at low concentrations in the cell, whereas this regulation becomes less evident at high concentrations.
Dishevelled autoinhibition in the Wnt signaling pathways
Obstructed binding of the C terminus to the PDZ domain enhances Dvl membrane recruitment by frizzled receptor
Membrane relocalization of Dvl is required for activation of the Wnt/PCP pathway (17, 33) , but how it is regulated remains unclear (12) . Because Xdsh-C⌬8 and Xdsh-RFP were more potent and Xdsh268/735C less active in inducing the PCP phenotype, we wondered how they could be recruited to the plasma membrane by Frizzled receptors. This was analyzed in the zebrafish embryo, which is more appropriate for the detection and observation of membrane localization. N-terminally Myctagged Xdsh and different mutants were overexpressed in zebrafish embryos, and their subcellular localization was examined by confocal microscopy following immunostaining using anti-Myc antibody. As reported in previous work (45) , Xdsh was essentially distributed in the cytoplasm when overexpressed alone (Fig. 7A) ; however, it was translocated to the membrane when coexpressed with the Frizzled receptor Xfz7 (Fig. 7B) . Interestingly, Xdsh-C⌬8 exhibited obvious membrane localization even when it was overexpressed alone (Fig. 7C ), likely through interaction with endogenous Frizzled receptors. The membrane localization of Xdsh-C⌬8 was strongly enhanced in the presence of Xfz7 (Fig. 7D ). By contrast, Xdsh268/735C was less efficiently recruited to the membrane than Xdsh-C⌬8 in the presence of Xfz7 (Fig. 7, E and F) , which is correlated with its weak activity to induce PCP phenotype. However, like Xdsh-C⌬8, Xdsh-RFP also showed obvious membrane localization in the absence of Xfz7 (Fig. 7G) , and it was more readily recruited to the membrane in the presence of Xfz7 (Fig. 7H ). This analysis clearly indicates that the C terminus, depending on the state of its interaction with the PDZ domain, is involved in regulating Dvl subcellular localization, which is required for Wnt/PCP signaling in both invertebrates and vertebrates (17, 33) .
Discussion
In this study, we have demonstrated that the Dvl C terminus regulates Dvl autoinhibition in the Wnt signaling pathways. Stable binding of the C terminus to PDZ domain decreases, whereas obstructed binding increases, Dvl activity in Wnt/PCP signaling. More importantly, we have shown that the open conformation of Dvl is more accessible for membrane localization, which represents a mechanism for the increased Wnt/PCP signaling. Thus, our findings point out that an alteration of the extreme C terminus of Dvl could have an impact on its signaling activity and specificity.
Dvl is an evolutionarily conserved multifunctional scaffold protein. The functional implication of the three highly conserved domains, DIX, PDZ, and DEP, in Wnt/␤-catenin and Wnt/PCP signaling has been relatively well characterized and documented (11) (12) (13) 46) . However, the function of the highly conserved C-terminal region after the DEP domain in these pathways is not clear. There are several studies showing that this region is involved in the regulation of Wnt/␤-catenin signaling through interaction with the intracellular loop of Frizzled receptors (27) or through interaction with other partners (24) . It has also been demonstrated that the histidine single amino acid repeats that are unique to Dvl3 are essential for Wnt5a-stimulated NF-AT-dependent transcriptional response (26) . Recently, we demonstrated that the conserved extreme C terminus binds to the PDZ domain and regulates the conformation change of Dvl, and binding of the C terminus to the PDZ Figure 7 . The open conformation of Dvl enhances its membrane recruitment by Frizzled. Representative confocal microscopic analyses of the subcellular distribution of N-terminally Myc-tagged Xdsh and different mutant forms in zebrafish embryonic cells are shown. A, Xdsh is localized mainly in the cytoplasm when it is expressed alone. B, Xdsh is recruited to the cell membrane in the presence of Xfz7, but cytoplasmic localization is still evident. C, Xdsh-C⌬8 is distributed in the cytoplasm, but membrane localization is evident. D, in the presence of Xfz7, Xdsh-C⌬8 is strongly recruited to the plasma membrane, resulting in the absence of immunofluorescence staining in the cytoplasm. E, Xdsh268/735C localizes to the cytoplasm similarly as Xdsh. F, Xdsh268/735C is less efficiently recruited to the cell membrane when coexpressed with Xfz7. G, Xdsh-RFP shows obvious membrane localization when it is expressed alone. H, coexpression with Xfz7 completely relocalizes Xdsh-RFP to the cell membrane, resulting in the absence of immunofluorescence staining in the cytoplasm. Scale bar: 20 m.
domain results in a closed conformation, which may negatively influence Wnt/␤-catenin signaling (25) . However, it remains to be determined exactly how the C terminus of Dvl differentially regulates the Wnt/␤-catenin and Wnt/PCP pathways. Using a panel of C-terminal region deletion mutants, we found that removal of the C-terminal region decreased the activity of Dvl in Wnt/␤-catenin signaling in a TOPFlash reporter assay, consistent with previous studies (27) . On the contrary, the absence of the extreme C terminus or obstruction of its binding to the PDZ domain increased Dvl activity in Wnt/PCP signaling, as revealed by the enhanced PCP defects in zebrafish and Xenopus embryos. As the C terminus of Dvl binds to the PDZ domain (25) , these observations suggest that the Dvl C terminus may be negatively involved in Wnt/PCP signaling. Further supporting this conclusion, we demonstrated that forced binding of the C terminus to the PDZ domain reduces Dvl activity in Wnt/PCP signaling. This is likely because of its interaction with the PDZ domain, forming a closed conformation (25) , which may not be favorable for the interaction of the DEP domain with its partners involved in Wnt/PCP signaling (47) (48) (49) . Taken together, these observations strongly suggest that the C terminus of Dvl plays a distinct role in different Wnt pathways and may be involved in regulating the pathway specificity of Dvl.
We also compared Dvl C terminus deletion mutants with Xdd1, a PDZ domain deletion mutant that acts as a dominant negative mutant to inhibit Dvl activity in Wnt/␤-catenin signaling and induces strong CE defects when expressed in the embryos (15) . However, whether the PCP phenotype results from an increase or a decrease in Wnt/PCP signaling has not been elucidated, because it is well established that both activation and inhibition of this pathway produce overall PCP defects (39) , although the underlying cell behaviors may be different. Our previous and present studies have solved this issue by showing that the PCP defects caused by overexpression of Xdd1 is associated with an increased JNK activation, which is consistent with a number of previous works showing that the DEP domain is involved in the activation of the Wnt/PCP pathway (17) (18) (19) (20) . Because deletion of the PDZ domain can also prevent Dvl from forming a closed conformation, it is conceivable that Xdd1 could act as a gain-of-function mutant in Wnt/PCP signaling like the Dvl C terminus deleted forms. Similarly, obstructing the binding of the C terminus to the PDZ domain by its deletion or fusion with RFP or GFP releases Dvl autoinhibition and increases Dvl activity in Wnt/PCP signaling. Taken together, these results further suggest that disruption of the binding between the C terminus and the PDZ domain enhances Dvl activity in Wnt/PCP signaling. In accordance with this conclusion, we showed that coexpression of the Dvl C-terminal region with full-length Dvl could enhance the Dvl-dependent PCP phenotype in zebrafish embryos. Alternatively, we could not exclude the possibility that the free C-terminal fragment may inhibit Dvl activity due to competitive binding to the PDZ domain.
The membrane localization is important for Dvl function in Wnt/PCP signaling (17, 33) but is dispensable for Wnt/␤catenin signaling (33) . However, how this is regulated still remains obscure (12) . The DEP domain of Dvl plays a critical role in membrane recruitment by Frizzled receptors (17, 27, 50 -52). However, the implication of the C terminus in regulat-ing Dvl subcellular localization remains unclear. Interestingly, we found that Dvl mutants in which the interaction between the C terminus and PDZ domain is obstructed exhibited enhanced membrane recruitment by Frizzled receptors. This enhanced membrane localization is closely linked to an increased activity in Wnt/PCP signaling and is consistent with the requirement of Dvl membrane localization in the activation of the Wnt/PCP pathway (17, 33) . These findings imply that the C terminus modulates Dvl activity in Wnt/PCP signaling through regulation of its membrane localization. This mechanism has not been identified previously and suggests a functional implication for the Dvl C terminus in regulating Wnt/PCP pathway activation.
It was reported previously that a DEP domain and C-terminal region fragment of Dvl binds the third loop of Frizzled receptors and is required for Wnt/␤-catenin signaling; also the C-terminal region is involved in stabilizing the interaction between Frizzled and Dvl (27) . This supports a role for the Dvl C-terminal region in regulating Dvl function in the Wnt signaling pathways. It also raises the possibility for an implication of this region in regulating Dvl subcellular localization. We have shown previously that the PDZ domain directly binds a conserved KTXXXW motif in the C-terminal region of Frizzled receptors (45, 53) . This binding, although relatively weak, may facilitate the membrane recruitment of Dvl by Frizzled receptors. A closed conformation due to occupancy of the PDZ domain by the extreme C terminus (25) may hamper PDZ binding to the KTXXXW motif, whereas an open conformation resulting from an obstructed binding between the C terminus and the PDZ domain could facilitate this interaction. It is also plausible that an open conformation would be more favorable for the DEP domain, which is known to play a major role in Dvl localization to the plasma membrane (17, 27, 50 -52) , to interact with its partners. For example, a charge-dependent interaction of the DEP domain with phospholipids helps to stabilize the direct interaction between Frizzled receptors and Drosophila Dsh, which is important for Wnt/PCP pathway selection (52) . Thus, this observation supports our present finding that an open conformation of Dvl displays enhanced membrane localization and is more potent in Wnt/PCP signaling. Recently, it has been shown that the interaction of the DEP domain with Frizzled receptors results in a DEP conformational switch, which provides a directional bias for signaling to ␤-catenin (21, 22) . However, whether this conformational switch exerts an influence on Wnt/PCP signaling remains to be determined.
It should be also mentioned that the Drosophila dsh null allele can be rescued by C-terminally tagged Drosophila Dsh protein (17, 18, 30, 52, 54, 55) . This may be because the C terminus of Dsh is less well conserved in Drosophila. Indeed, Drosophila and vertebrates have divergent C-terminal regions in Dvl proteins, except for the last three amino acids, which resemble a class III PDZ-binding motif in vertebrates but a class II PDZ-binding motif in Drosophila (14, 25) .
In conclusion, the results obtained in the present work both confirm and extend our previous observation by showing that the extreme C terminus of Dvl differentially regulates Wnt/␤catenin and Wnt/PCP pathway activation. Mechanistically, when the extreme C terminus binds to the PDZ domain, Dvl adopts a closed conformation (25) , which could influence the interaction of both the PDZ and DEP domains with their partners and would constrain the membrane recruitment of Dvl by Frizzled receptors. The binding of the Dvl C terminus to the PDZ domain could occur intramolecularly, but the possibility of intermolecular binding should not be excluded. Nevertheless, both types of binding should result in an open conformation of Dvl, likely dependent on the cell context and local Dvl concentrations within the cell. Thus, our finding suggests that the C terminus of Dvl functions to modulate the activation of both the Wnt/␤-catenin and Wnt/PCP pathways. Altogether, our present results strongly implicate the C terminus in Dvl autoinhibition, which should allow the switch of Dvl to a particular pathway depending on the interaction partners. Indeed, our results also suggest that the state of Dvl autoinhibition may influence its functional interaction with the Wnt coreceptor, LRP6; and LRP6 activity in Wnt/␤-catenin signaling has been shown to be dependent on Wnt-induced phosphorylation and Dvl function (40 -44) . Therefore, there is a possibility that C-terminally tagged Dvl proteins display reduced binding to the PDZ domain, resulting in more Dvl proteins with an open conformation. This prevents its functional interaction with LRP6 in Wnt/␤catenin signaling and switches its activity in Wnt/PCP signaling.
Experimental procedures
Mammalian cells
HEK293 cells (ATCC, CRL1573) were cultured in 24-well plates in DMEM supplemented with 10% fetal bovine serum (HyClone), 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin in a humidified incubator with 5% CO 2 at 37°C.
Zebrafish and xenopus embryos
Wild-type zebrafish embryos of the AB strain were produced by natural matings, maintained at 28.5°C, and staged according to published criteria (56) . Procedures for obtaining Xenopus embryos and the manipulation of ectoderm explants were as described elsewhere (25, 57) . An axis duplication assay was performed by injection of synthetic mRNA into the vegetal region of one ventral blastomere at the 4-cell stage. Analysis of CE defects was performed by injections into the two dorsal blastomeres at the equatorial region of 4-cell stage embryos. Microinjections were performed using a PLI-100A picoliter microinjector (Harvard Apparatus).
Plasmid Constructs and in Vitro Transcription
N-terminally Myc-tagged full-length Xdsh and Xdd1 lacking the PDZ domain were described previously (15) . All other Xdsh deletion mutants were generated by PCR amplification, and the PCR products were cloned into the pCS2 vector in-frame with six Myc or two FLAG epitopes. N-terminally Myc-tagged Xdsh268C, Xdsh735C, and Xdsh268/735C, with the serine residue at position 268 and the valine residue at position 735 (Ϫ1) substituted by a cysteine residue either individually or simultaneously, were created by site-directed mutagenesis using the QuikChange kit (Stratagene) according to the manufacturer's recommendations. N-terminally Myc-tagged Xdsh-RFP was generated by PCR amplification of Myc-tagged Xdsh and by cloning the PCR product upstream of the RFP sequence in the pCS2 vector. All constructs were sequenced before use. The Xenopus Frizzled 7 (Xfz7), Xdsh-GFP, human LRP6, and membrane GFP constructs cloned in the pCS2 vector were described previously (31, 39, 41, 58) . The constructs were linearized with Asp-718 or NotI, and capped mRNA were synthesized using a SP6 mMessage Machine kit (Ambion) according to the manufacturer's recommendations.
Expression and purification of Dvl1 PDZ(S265C)-(GGS) 3 -DvlC(I654C) Fusion Protein
The cDNA encoding PDZ(S265C)-(GGS) 3 -DvlC(I694C) fusion protein, PDZi, was subcloned into the pET28a vector. The N-terminally His 6 -tagged proteins were expressed in BL21(DE3) Escherichia coli cells and purified as reported previously (25) . In brief, 15 N-labeled protein was made by growing transformed cells in MOPS-containing medium with 1 g/liter 15 NH 4 Cl. Protein expression was induced by the addition of 1 mM isopropyl 1-thio-␤-D-galactopyranoside when the A 600 of the cells was ϳ0.6. After 16 h of induction at 16°C, the cells were resuspended in lysis buffer (20 mM phosphate, 300 mM NaCl, pH 7.8) and sonicated. The lysate was centrifuged, and the supernatant was transferred to a column of nickel-nitrilotriacetic acid beads. After washing with 20 mM imidazole, the protein was eluted by 200 mM imidazole in lysis buffer. The PDZi fusion protein was further purified by chromatography on a Superdex 75-pg column (GE Healthcare) and eluted by 100 mM phosphate buffer, pH 6.5, and 0.5 mM EDTA. The 15 N-HSQC spectrum of 15 N-labeled PDZi in 100 mM phosphate, pH 6.5, was obtained to confirm whether a disulfide bond would be formed within PDZi.
DLS
The Wyatt DynaPro NanoStar was used to measure the hydrodynamic radius (R H , nm) of PDZi in a quartz cuvette using 0.1 M PDZi and Dvl1 PDZ in 0.1 M potassium phosphate, pH 6.5. The samples were filtered to eliminate dust particles before performing DLS experiments, and 5 mM tris(2-carboxyethyl)phosphine (Sigma-Aldrich) was used to break the disulfide bond in PDZi protein. DYNAMICS software (Wyatt Technology) was used to analyze the light scattering data.
Immunofluorescence and confocal microscopy
Zebrafish embryos at the 1-cell stage were injected with 100 pg of Xdsh or other mutant Xdsh mRNA alone or coinjected with 150 pg of Xfz7 mRNA. They were fixed at the 40% epiboly stage with 4% paraformaldehyde at 4°C overnight. The vitelline membrane was removed manually, and the embryos were washed three times with TBST (Tris-buffered saline plus 0.1% Triton X-100). They were processed for immunostaining using 9E10 anti-Myc antibody (Santa Cruz Biotechnology) and fluorescein-conjugated secondary antibody as described (59) . The samples were analyzed under a confocal microscope (Zeiss LSM700).
Whole-mount in situ hybridization
In situ hybridization was performed on zebrafish embryos at the tail bud stage using dlx3 and ntl probes by standard protocol as described previously (58) .
RT-PCR
Xenopus ectoderm explants were dissected at the early gastrula stage from embryos injected previously in the animal pole region with synthetic mRNAs at the 2-cell stage. Total RNA extracted from 20 explants using the guanidine isothiocyanate method was reverse-transcribed as described (60) . The PCR primers for siamois, Xnr3, and ornithine decarboxylase (ODC) were reported previously (45) .
Western blotting
HEK293 cells at 80% confluence were transfected and cultured for 48 h. They were washed with PBS and lysed in cell lysis buffer consisting of 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% (v/v) Triton X-100, protease inhibitors (1% aprotinin, 0.1% leupeptin, and 2 mM PMSF), and phosphatase inhibitors (PhosS-TOP, Roche). Protein extraction from zebrafish embryos was performed as described previously (61) . Briefly, 15 embryos were cultured to the appropriate stages and dechorionated manually or through Pronase E treatment. The yolk was disrupted mechanically by gentle pipetting and vortexing. After several washes in Ringer's solutions (116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl 2 , and 50 mM HEPES, pH 7.2) to completely remove the yolk, the cell pellets were lysed in extraction buffer (100 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, and 10 mM Tris-HCl, pH 7.5) with protease and phosphatase inhibitors. The preparation of protein samples from Xenopus ectoderm explants was described previously (45) . The samples were resolved by a 10% polyacrylamide gel, transferred onto nitrocellulose membranes, and probed with anti-Myc (Santa Cruz Biotechnology), anti-JNK, anti-p-JNK/SAPK (Cell Signaling), anti-␤-catenin (Abcam), or anti-␤-actin (Proteintech) antibody in TBS, pH 7.4. Immunolabeled bands were detected using SuperSignal West Pico chemiluminescent substrate (Pierce).
Luciferase assays
HEK293 cells at 80% confluence were transfected with 60 ng of the TOPFlash reporter construct, 6 ng of pRL-TK, and various amounts of different Xdsh constructs or empty vector. At 24 -36 h post-transfection, the cells were lysed in 60 l of lysis buffer (Promega). Xenopus embryos injected with different synthetic mRNAs along with the siamois promoter reporter DNA (100 pg) were cultured to early gastrula stage, and 10 ectoderm explants were dissected and lysed in 100 l of lysis buffer. The lysates were clarified by centrifugation, and luciferase activities were measured using a Dual-Luciferase reporter assay kit (Promega) according to the manufacturer's protocol. The values were normalized to Renilla luciferase activity, and the results were expressed as relative luciferase activity with respect to empty vectortransfected cells or to Xenopus explants injected with the reporter alone.
Statistical analysis
All data were obtained from at least three independent experiments and analyzed using unpaired two-tailed Student's t test. p values less than 0.05 and 0.01 were considered significant (*) and extremely significant (**), respectively.
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